[DOI: 10.1299/mej. et al., 2010; Miura et al., 2010b) . However, because the production processes increase with these methods, the merit of high-productivity by applying the powder metallurgy processing is severely affected.
We have focused on the liquid-phase sintering method, which can densify sintered material without using secondary processing, as a high-strengthening method for sintered materials. For example, Selecká et al. (2003) reported concerning the mechanical properties of liquid-phase 'as-sintered' material of the Fe-2Ni-0.5Mo-C-B alloys, that they obtained the result of improvement of the tensile strength by increasing the quantity of boron added. On the other hand, there were few reports concerning the mechanical properties and fatigue strength of 'sintered and heat-treated' materials, which are important material properties in the strength design of the gears. In this study, we have researched the effect of the addition of boron on the mechanical properties and microstructure of the 'sintered and heat-treated' material of Fe-1.8Ni-0.5Mo-0.3C, which is the typical steel used in the structure of machines.
Experimental procedure 2.1 Test specimens
We mixed the Fe-20mass%B powder and the graphite powder with the Fe-1.80mass%Ni-0.52mass%Mo-0.21mass%Mn prealloyed powder and prepared 6 kinds of mixed powder with different quantities of boron added. Table  1 shows the chemical composition of each mixed powder. These values are calculated from the mixing ratio of raw materials. Each mixed powder was compacted in the shape of tensile test specimen as shown in Fig.1 (JPMAM04 -1992 No.1) with die wall lubrication to make their density 7.0g/cm 3 . Then, sintered (1523K x 3.6ks) in an argon gas atmosphere, heat treated (1123K x 10.8ks) in a vacuum atmosphere, oil quenched (343K), and tempered (473K x 4.8ks). Then, they were supplied for evaluations such as a tensile test, SEM/EDX (Scanning Electron Microscope / Energy Dispersive X-ray Spectroscopy), XRD (X-ray Diffraction), STEM (Scanning Transmission Electron Microscopy) and nano-indentation analysis.
Tensile test
The tensile test was performed with a tensile testing machine (SC-100CS, Tokyo Koki Testing Machine Co., Ltd.) at room temperature. The crosshead speed was 0.5 mm/min. We measured the maximum load Pmax (N) and the initial crosssectional area A0 (mm 2 ) and calculated the tensile strength σ (MPa) according to the equation (2.1). We measured the gauge length after tensile test Lf (mm), and calculated the elongation δ (%) with the equation (2.2). The initial gauge length L0 (mm) was 25mm.
(1) Table1 Chemical composition of the mixed powders. Egashira, Sekiya, Ueno and Fujii, Mechanical Engineering Journal, Vol.6, No.6 (2019) [DOI: 10.1299/mej.19-00297]
(2)
Nano-indentation analysis
The sample for nano-indentation analysis was prepared by mechanically polishing and ion milling a piece cut about 2mm square from the center of the tensile test specimen. The load-displacement curve was measured by using Bruker hysitron TI 980 (Bruker Nano). Berkovich indenter was used for the indenter．The maximum load was 0.3 mN, the load time was 3 seconds, the maximum load holding time was 2 seconds, and the unload time was 3 seconds. The measurement points were determined based on the observation results of the AFM (Atomic Force Microscope) attached to the equipment. After the evaluation, the indentation was observed by SEM to determine the measurement point. Fig.3 shows the tensile test results of each material respectively. The sintered density increases according to the increase of the quantity of boron added while the tensile strength showed the maximum value in the material with a quantity of boron added of 0.1 mass%. The material with a quantity of boron added of 0.1 mass% showed an increase in tensile strength of approximately 35% compared to the material without any boron added. This result verified that the addition of boron is effective for improvement of the mechanical property of the sintered and heat-treated materials. On the other hand, the material with boron of 0.2 mass% or more added showed significant elongation decrease and the tensile strength decrease. In general, since pores in the sintered material adversely affect the mechanical properties, the tensile strength of 'as-sintered' material tends to improve as the sintered density increases. For example, Selecká et al (2003) reported the mechanical properties of the liquid-phase 'as-sintered' Fe-2Ni-0.5Mo-xB-C (x=0-0.6 mass%) alloys. They obtained the results of improvement of the sintered density by increasing the quantity of boron added, which accompanied the tensile strength increase. The tensile strength of the 'sintered and heat-treated' materials in this study showed the maximum value at the boron addition amount of 0.1 mass% where the sintered density was not maximum. That is, the density dependence on tensile strength differs greatly between the 'as-sintered' material of the previous study and the 'sintered and heat-treated' materials in this study. Fig.4 shows the XRD pattern of each material after heat treatment, and Fig.5 shows the graph in which the boron compound volume ratio was quantified by the RIR method according to the peak strength. By these results, at the quantity of boron added of 0.05 to 0.1 mass%, only Fe23B6 was formed, and at the quantity of boron added of 0.2 to 0.6 mass%, Fe23B6 and Fe2B were formed. That is, the compounds differed depending on the quantity of boron added. Fig.3 Effect of boron contents on the tensile properties of the sintered and heat-treated Fe-Ni-Mo-B-C alloys. The tensile strength of the quantity of boron added of 0.1 mass% was 35% higher compared to that of material without the addition of boron, which certifies that the minute addition of boron is effective for an increase in the mechanical property. The material with boron of 0.2 mass % or more added showed a significant elongation decrease and the tensile strength decrease tended to accompany these. The kinds of boron compound change at the point of the quantity of boron added of 0.1 to 0.2 mass%, which agrees with the inflection point of the tensile strength shown in Fig.3 . In other words, though the 0.1B material showed high strength and elongation, the 0.2B material, whose quantity of boron added is slightly increased, showed significant decrease in the tensile strength and elongation. This suggests that the formation of boron compounds such as Fe23B6 and Fe2B affects the tensile strength. The formed boron compound is discussed below. Wu et al. (2017) reported in detail the phase diagram of the Fe-1.8Ni-0.5Mo-xB-0.5C system. It is reported that Fe2B is the only equilibrium phase as a boron compound in the boron concentration range of 0-5 mass%, and Fe23B6 does not exist on the phase diagram. In addition, Fe23B6 is also reported to be a metastable phase formed when Fe-B alloys are rapidly cooled from high temperature (Mizuno et al., 2012) . Therefore, in this study, it is supposed that only Fe2B, which is an equilibrium phase, was formed after sintering, and part or all of Fe2B transformed into Fe23B6 by the subsequent heat treatment. Fig.6 shows the cross-sectional SEM image of each specimen. In all the test specimens, the matrix is the structure consisting of the tempered martensite as the main phase. And it can be understood that the precipitates are gradually formed on the network accompanying the increase in the quantity of boron added. In all the test specimens, the matrix is the structure consisting of the tempered martensite as the main phase. And the precipitate volume ratio is gradually increasing accompanying the increase in the quantity of boron added. Sekiya, Ueno and Fujii, Mechanical Engineering Journal, Vol.6, No.6 (2019) [DOI: 10.1299/mej.19-00297] Therefore, we conducted STEM observation for the 0.1B material where only Fe23B6 exists as the boron compound and investigated its existing form. Fig.7 (a) shows the cross-sectional SEM image (backscattered electron image) of the 0.1B material. Fig.7 (b) shows the STEM image of the shadow area part in the drawing cut out by FIB (Focused Ion Beam System) containing a part of the precipitate with different contrast to the matrix. Then, Fig.7 (c) shows the electron beam diffraction pattern of the precipitate. The precipitate was identified to be Fe23B6 according to the lattice constant analysis of the diffraction pattern shown in Fig.7 (c) . Then 0.1B material would have the structure where Fe23B6 is precipitated in the main phase of the tempered martensite. Egashira, Sekiya, Ueno and Fujii, Mechanical Engineering Journal, Vol.6, No.6 (2019) [DOI: 10.1299/mej.19-00297]
Results and discussion 3.1 Sintered density and tensile test

Microstructure
Next, Fig.8 (a) shows the cross-sectional SEM image of the enlarged precipitate of the 0.4B material where both boron compound of Fe2B and Fe23B6 exist. From this SEM image, the precipitate consists of the black phase and the white phase surrounding it. Because in the backscattered electron image the difference in the contrast shows the different composition, it is suggested that the precipitate consists of the different two kinds of phases with different composition. Fig.8 (b) shows the results of the composition analysis of a part of the precipitate by SEM/EDX. Because both the black part and white part are of higher boron concentration than the matrix, both of them are considered to be a boron compound. According to the above-mentioned XRD results, the formed boron compound would be of two kinds: Fe2B and Fe23B6, therefore, the black high-concentration boron phase is identified to be Fe2B, and the white low-concentration boron phase to be Fe23B6. Fig.9 shows the schematic diagram of the microstructure based on the above analysis results. The formed boron compound differs, at the boron addition quantity of 0.1 to 0.2 mass%. At the quantity of boron added of 0.1 mass% or lower, the material would have the microstructure where Fe23B6 is precipitated in the main phase of the tempered martensite. On the other hand, at quantity of boron added of 0.2 mass% or higher, the precipitate is formed where the Fe23B6 fringes around Fe2B; and, accompanying the boron addition quantity increase, the precipitate volume ratio is also increased.
Elastic modulus of each phase
Data for the elastic modulus and brittleness of each phase are important to consider the relationship between the mechanical properties and the microstructure. But, concerning intermetallic compounds like Fe2B and Fe23B6, there are few reports of measuring their physical properties. Therefore, in this study, the elastic modulus of each phase of the 0.1B materials and the 0.4B materials were measured by the nano-indentation method (Oliver and Pharr, 1992) . The nanoindentation method is a method where hardness and elastic modulus are calculated from the load-displacement curve obtained by pushing a triangular pyramid indenter into a sample and by tearing it away from the sample, which are suitable for evaluating the mechanical properties of the minute area like these samples. Fig.10 (a) and (b) are the crosssectional SEM images of the precipitate of the 0.1B material and the 0.4B material respectively. The triangle indentation pointed by the arrow in the image is the measuring point of each phase. Fig.10 (c) and (d) show the load-displacement curve of each formed phase of the 0.1B material and the 0.4B material respectively.
Firstly, focusing on the Fe23B6 phase, points of discontinuity called pop-in (Wang and Ngan, 2004; Briton, 2009 ) for both 0.1B material and 0.4B material can be seen. This is specific behavior occurring at the time of the generation of cracks inside when the load of the nano-indenter is applied, which suggests that the measurement place is brittle. Because such pop-ins are not confirmed in the load-displacement curve of the Fe2B and the matrix, Fe23B6 is considered to be a more brittle phase than Fe2B and the matrix. Fig.11 shows the results of each phase elastic modulus calculated from the unloading curves shown in Fig.10 (c) and (d) . For 0.1B material, the elastic modulus of the matrix is 230 GPa and the elastic modulus of the Fe23B6 phase is 231 GPa, which are equivalent to each other. On the other hand, for 0.4B material, the elastic modulus of the matrix is 267 GPa, and the elastic modulus of the Fe23B6 phase is equivalent 278GPa. But the elastic modulus of Fe2B phase is 368 GPa, which is larger than the other two phases. Accordingly, the Fe2B phase is Egashira, Sekiya, Ueno and Fujii, Mechanical Engineering Journal, Vol.6, No.6 (2019) [DOI: 10.1299/mej. considered to be the phase which is difficult to elongate compared to the matrix and the Fe23B6 phases. Fig.11 The elastic modulus of each phase of 0.1B material and 0.4B material measured by the nano-indentation method. For the 0.1B material, the elastic modulus of the matrix and the Fe23B6 phase are equivalent. For the 0.4B material, the elastic modulus of the matrix and the Fe23B6 phase are equivalent, and the elastic modulus of the Fe2B phase is about 35% greater than those two phases. Egashira, Sekiya, Ueno and Fujii, Mechanical Engineering Journal, Vol.6, No.6 (2019) [DOI: 10.1299/mej.19-00297] Fig.12 shows the tensile test specimen after the test and the SEM image of the A-A' cross-section at the fracture area of tensile test specimens. For the 0.1B material whose tensile strength is the largest, minute cracks are confirmed in the Fe23B6 phase inside going in the stretching direction and the vertical direction, but the crack's propagation stops at around the interface with the matrix. In other words, it is supposed that the effect on the mechanical properties from the Fe23B6 phase is small. On the other hand, the fracture mode of the 0.4B material whose elongation is extremely small is significantly different from the fracture mode of the 0.1B material, where the fracture occurs along the precipitate. Furthermore, from the enlarged photo of the precipitate, it is understood that the cracks occurred and propagated not at the precipitate inside but at the Fe23B6/Fe2B interface. Fig.13 The schematic diagram of the fracture mode of each material at the time of the tensile test.
Fracture mode of test specimens
The value in ( ) is the elastic modulus of each phase． Egashira, Sekiya, Ueno and Fujii, Mechanical Engineering Journal, Vol.6, No.6 (2019) [DOI: 10.1299/mej.19-00297] Fig.13 shows the schematic diagram showing the difference in the fracture mode by the quantity of boron added at the time of the tensile test. The reason why the fracture mode is significantly different between the 0.1B and the 0.4B material is considered to be related to the elastic modulus and the brittleness degree of Fe23B6, Fe2B and the matrix. According to the nano-indenter results described above, for the 0.4B material, the elastic modulus of the Fe23B6 is 278 GPa, and the elastic modulus of Fe2B is 368 GPa, which are significantly different from each other. And therefore, it is considered that the large shear stress occurred at the Fe23B6/Fe2B interface at the time of tensile test. Furthermore, we consider that as Fe23B6 is a brittle material, in the 0.4B material, peeling-like cracks occurred and propagated along the Fe23B6/Fe2B interface, and the mechanical properties of 0.4B material were significantly decreased. On the other hand, for the 0.1B material, the elastic modulus of the Fe23B6 and the matrix are almost the same. Therefore, we considered that only the brittle material of Fe23B6 was broken and the cracks did not propagate further. The phenomena could be explained the fact that the mechanical properties were sharply changed between the quantity of boron added of 0.1 mass% and 0.2 mass%. The existence of the Fe23B6/Fe2B interface would significantly affect the strength of the liquid-phase sintered and heat-treated materials.
Conclusion
We have researched the effect of the addition of boron on the mechanical properties and metal structure of the sintered and heat-treated material of Fe-1.8Ni-0.5Mo-0.3C, which is the typical steel used in the structure of machines, and reached the following conclusions.
(1) As shown below, the material with the quantity of boron added of 0.1 mass% increased its tensile strength by 35%, while maintaining the elongation, when compared with the material without boron added. This certified that the addition of boron was effective for the mechanical property increase of the sintered and heat-treated material. ・0.0B material : 90.7 mass% (sintered density), 1060 MPa (tensile strength), 1.5 % (elongation) ・0.1B material : 94.2 mass% (sintered density), 1386 MPa (tensile strength), 1.5 % (elongation) ・0.6B material : 96.3 mass% (sintered density), 498 MPa (tensile strength), 0.0 % (elongation)
(2) The kinds and the precipitation forms of the formed phases changed at the boundary of the quantity of boron added of 0.1 to 0.2 mass%, and specifically the following metal structures were formed. ・0.0 to 0.1 mass% B: Fe23B6 is precipitated in the main phase of tempered martensite. ・0.2 to 0.6 mass% B: The main phase is martensite and the precipitate is formed where the Fe23B6 fringes around Fe2B.
(3) We measured the load-displacement curve of each phase by the nano-indentation method and obtained the result, where the elastic modulus of the Fe23B6 phase was almost the same compared to the matrix, and the elastic modulus of the Fe2B phase was higher than those of these phases. Also, for the Fe23B6 phase, points of discontinuity called "pop-in" was confirmed at this load-displacement curve, which suggested the phase was a brittle phase.
(4) By cross-section observation of the test specimen after the tensile test, it was judged that in the 0.4B material cracks occurred and propagated in the shape of peeling-off of the Fe23B6/Fe2B interface and finally resulted in fracture. In the material with the boron addition amount of 0.1 mass%, however, such a fracture was not confirmed. The phenomena could be explained the fact that the mechanical properties were sharply changed between the quantity of boron added of 0.1 mass% and 0.2 mass%. The existence of the Fe23B6/Fe2B interface would significantly affect the strength of the liquid-phase sintered and heat-treated materials.
We aim to eventually apply this material for high-load gear and we will conduct fatigue strength evaluation and gear fatigue strength evaluation in conditions similar to those of real machine use.
